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Abstract Induced by high population density, rapid but
uneven economic growth, and historic resource exploita-
tion, China’s upper Yangtze basin has witnessed remark-
able changes in land use and cover, which have resulted in
severe environmental consequences, such as flooding, soil
erosion, and habitat loss. This article examines the causes
of land use and land cover change (LUCC) along the Jinsha
River, one primary section of the upper Yangtze, aiming to
better understand the human impact on the dynamic LUCC
process and to support necessary policy actions for more
sustainable land use and environmental protection. Using a
repeated cross-sectional dataset covering 31 counties over
four time periods from 1975 to 2000, we develop a frac-
tional logit model to empirically determine the effects of
socioeconomic and institutional factors on changes for
cropland, forestland, and grassland. It is shown that pop-
ulation expansion, food self-sufficiency, and better market
access drove cropland expansion, while industrial devel-
opment contributed significantly to the increase of forest-
land and the decrease of other land uses. Similarly, stable
tenure had a positive effect on forest protection. Moreover,
past land use decisions were less significantly influenced by
distorted market signals. We believe that these and other
findings carry important policy implications.
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Introduction
A better understanding of the causes and consequences of
land use and land cover change (LUCC) is essential for
global change and environmental studies because of its
tremendous effects on carbon and water cycles, ecosystem
functions, and human welfare (Turner and others 1994;
Geoghegan and others 2001; Mu¨ller and Zeller 2002;
USGCRP 2004). With continued population growth and
rapid economy development, China has witnessed sub-
stantial changes in its land use over the past several dec-
ades. While these changes have increased food production
and improved human well-being, they also have resulted in
severe environmental problems, such as flooding, soil
erosion, and habitat loss. All of these adverse outcomes
have raised serious concerns about the sustainability of
China’s development (Liu and others 2003; Xu and others
2006). Thus, decisions of how to allocate the limited land
resources to simultaneously meet the demands for food,
raw materials, urban expansion, and environmental con-
servation have become a grand challenge.
The upper Yangtze basin in China—the vast area of the
Yangtze River catchment west of Yichang, Hubei (over one
million km2) —is a wonderful site for LUCC research. The
Yangtze River is the country’s longest and the world’s third
largest river, with its source at the Tibetan Plateau in the
west, coursing 6,300 km across 11 provinces (autonomous
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regions), and eventually emptying into the East China Sea.
The Yangtze basin covers 19% of the country’s area, houses
around 40% of China’s population, and contributes to more
than 40% of its GDP (Du 2001). However, the development
of the whole basin has been jeopardized by the environ-
mental deterioration in the upper reaches.
The upper reaches of the Yangtze feature a wide variety
of ecosystems that have been recognized as a major bio-
diversity hotspot (Conservation International 2002). Along
with these diverse ecosystems are extreme fluctuations in
topography, including deep gorges and high mountains in
the west, and hills and lowlands in the east. Such sharp
variations make the region vulnerable to water runoff and
soil erosion, but it is the human malpractices that have
worsened the situation (Du 2001). Deforestation, farmland
expansion, and grassland degradation have extensively
damaged the native vegetation, leading to adverse eco-
logical effects (Du 2001; Xu and others 2002; Loucks and
others 2001). The deteriorated environment not only
reduces land productivity in the region and threatens the
lifespan and effectiveness of the Three-Gorges Dam, but
also imposes large risks on economic development and
people’s livelihoods in the middle/lower reaches. Thus, it is
important to understand how the regional LUCC has been
affected by various factors.
Despite the significance of the upper Yangtze, little land
change research has been conducted there. The existing
works are mostly concerned with the long-term food
security because of arable land loss that undermines Chi-
na’s food production capacities. These works examine
either cropland changes under different socioeconomic
scenarios at the national level (Fischer and Sun 2001;
Verburg and others 2002; Zhang and others 2003), or
regional arable land losses induced by urbanization and
infrastructure expansion (Yeh and Li 1998; Ji and others
2001), or look into the effects of cropland suitability shifts
on food production (Li and others 2001). As noted by Liu
and others (2003), ‘‘In the future, we need to study thor-
oughly the impact of human social and economic activities
on land-use change at regional scales… (p. 384)’’
Indeed, even from a broader international perspective, the
empirical linkages between the multiple processes of LUCC,
operating on multiple scales, and their particular causal
factors remain poorly understood. Turner and others (2007)
observe that ‘‘Globally and historically…, land dynamics
appear to track well with the population, affluence, and
technology (PAT) variables of the IPAT (I = environmental
impact) identity… These relationships are commonly lost at
descending scales of analysis, however… (p. 20667)’’ These
scholars go on to state that ‘‘Comparative and metaanalyses
of place-based land change studies have demonstrated the
roles of such factors as markets, policy, transportation,
governance, and household life cycles on different types of
land covers.’’ Nevertheless, it is unclear how the complex
connections between these factors and land-use change may
be elucidated in specific studies and what insights can be
gained from them for improved land use.
This article aims to gain a better understanding of the
driving forces of the LUCC processes in the upper Yangtze
region and thus provide the essential knowledge for needed
policy actions in achieving more sustainable land use. To
that end, we postulate that the dynamics of farmland, for-
estland, grassland, and other land in the region are deter-
mined by a set of relevant socioeconomic and biophysical
factors. Included in these factors are population growth,
industrial development, commodity prices, road condition,
elevation, and policy measures such as food self-suffi-
ciency and land tenure stability.
Specifically, we hypothesize that while population growth
puts pressure on land use, industrial development may alle-
viate that pressure because of its different economic orien-
tation and employment potential. In addition, better road
condition leads to improved market access, which can result
in increased commodity production and thus greater demand
for certain types of land. Likewise, the policy of food self-
sufficiency may cause increased grain supply and thus
cropland expansion. Given the historic price control by the
government, the direct correlation between commodity pri-
ces and the corresponding type of land use may be incon-
sequential; but they can have spell-over effects—the
commodity price associated with one type of land use
influences the allocation of another type. For instance, while
grain price may not be a significant determinant of cropland
use, it can influence the use of forestland or grassland. Due to
its huge variation, elevation can be a dictating factor for land
use in the region as well. It should be noted that because of
the fixed land base and the different land requirements of
various production activities, the directions and magnitudes
of LUCC caused by any of the above factors may be distinct.
As an example, higher population density can result in
greater food demand and thus more cropland use; but it can
also lead to the contraction of forestland due to timber and
fuelwood production as well as farming encroachment.
We will develop and estimate an econometric system—
the fractional logit model—to test these and other proposi-
tions in determining the drivers for changes in cropland,
forestland, and grassland in the region; and we will do so by
incorporating the aforementioned socioeconomic and bio-
physical factors in a spatially explicit fashion. Based on a
dataset of 31 counties over five time points from 1975 to
2000, our results demonstrate that population expansion,
food self-sufficiency, and better market access drive crop-
land expansion, while industrial development contributes
significantly to the increase of forestland and the decrease of
other land uses. Similarly, stable tenure has a positive effect
on forest maintenance, largely because of the reduced
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pressure of deforestation via logging and conversion on the
one hand and the improved expectation of future benefit on
the other. Additionally, past land use decisions are indeed
less affected by the distorted, often depressed, market sig-
nals. We believe that the modeling framework we have
developed can be applied to other regions of China and other
parts of the world for a similar undertaking. Likewise, the
empirical findings we have derived are relevant to other
regions of China and other parts of the world concerning their
land use policy, natural resource management, and envi-
ronmental protection.
The article is organized as follows. A brief description
of the study site will be given in the next section, followed
by the methods and data sections. Then, estimation results
will be presented before conclusions and discussion.
Study Site
Because of the expansiveness of the upper Yangtze basin,
the study site was selected along the Jinsha River, part of
the upper Yangtze with a length of 2,290 km. The Jinsha
River refers to the section of the Yangtze starting from
Yushu County in Qinghai province, flowing across Qing-
hai, Tibet, Yunnan, and Sichuan, and ending in Yibin,
Sichuan. The total area of the region is about 340,000 km2;
but this study includes only 31 counties that are fully
located inside it (97.7–104.8E, 25.4–32.7N), covering a
total of 140,000 km2. Nineteen counties are in Yunnan
with an area of 72,000 km2, and 12 in Sichuan with an area
of 68,000 km2 (Fig. 1).
The Jinsha River catchment is known for its sharp des-
cent, fragile geology, and severe erosion. The main stream
precipitates by 3,280 meters (m), while the elevation of the
basin ranges from 300 m to 6,140 m. Among the 31
counties, six have at least 70% of their lands at altitudes
higher than 3,000 m, and 21 have at least 50% of their lands
at altitudes between 1,500 m and 3,000 m. Meanwhile,
lands in 13 counties have slopes up to 608 (Xiang 2009).
The geological structure of the lower Jinsha basin is dom-
inated by Triassic shale and sandstone, which weather
rapidly in the subtropical monsoon climate and yield soils
that are susceptible to erosion (Lu 2005). The steep slopes
and fragile soils make the Jinsha basin a major sediment
source to the Yangtze. It is estimated that annual soil loss
from the upper Yangtze region averages 1.57 billion tons,
accounting for 71.4% of the total soil loss of the whole
Yangtze basin. About 45% of soil loss of the upper Yangtze
region comes from the Jinsha catchment (Pan 1999).
Unfavorable natural conditions and poor infrastructure
make the region relatively isolated from the outside and
suffer from a high incidence of poverty.1 In 2002, for
example, the GDP of Ganzi Tibetan prefecture was ranked
second to the last in Sichuan and even worse, the net per
capita income of rural households (900 yuan) ranked the last
in the province at less than half of the provincial average
(Sichuan Statistics Yearbook 2003).2 Of the 19 counties in
Yunnan, 15 were national poverty counties (Wang 2003) and
31.5% of the rural households had a per capita income lower
than 1,000 yuan (Yunnan Statistics Yearbook 2003). None-
theless, farming has long been a major income source in the
region. From 1975 to 2000, the average value of annual
farming output accounted for at least 55% of the total agri-
cultural output.3 However, animal husbandry grew more
rapidly than the farming and forest sectors: its output share
increased from 18% in 1975 to 35% in 2000, driven by
expanded pig production. While the output value from for-
estry was comparatively small in 2000, amounting to about
8% of the total value of agricultural output, forestland takes
up a much larger share of the regional land base.
Methods
Conceptual Model
Economic models used to examine the LUCC drivers are
commonly predicated on the land-rent maximization theory
(Barlowe 1958). The typical land owner is assumed to
allocate a parcel of land of quality j at time t to the use that
China
Yunnan
River
Counties in Sichuan
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Gansu
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Fig. 1 The study region in Sichuan and Yunnan of China
1 The Chinese government initially defined the poverty line as per
capita annual income below 200 yuan in 1985. Based on inflation and
other considerations, the figure has been adjusted upwards over time,
reaching 1067 yuan in 2007 (China State Statistics Bureau 2008). A
national poverty county is declared if a majority of the local
population lives below the poverty line.
2 The current exchange between U.S. dollar and Chinese yuan is 1–6.85.
3 In addition to farming, official statistics for agriculture include
animal husbandry and forestry (Xiang 2009).
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can generate the highest present value of a stream of net
returns over time. For example, the net return for a parcel
of cropland of a certain quality at time t, Wat , equals the net
present value of a stream of crop revenues minus cultiva-
tion costs, plus the present value of the land salvage value
(Ahn and others 2000). The net return for a tract of for-
estland of certain quality at time t, Wft , is the net present
value of a series of timber harvest rotations, determined by
stumpage prices and yields by species (Munroe and York
2003). The land will be allocated to forestry if Wft Wat ,
otherwise to farming (Plantinga 1996).
The observed land use shares at the county level can be
derived by aggregating the land use choices of individuals
who attempt to maximize land rents. For each land quality
type j across a county, the land is allocated to different uses
to maximize the total returns, subject to its availability
(Miller and Plantinga 1999; Ahn and others 2000). That is:
Max
X
k
Wjkt Xkt; hjkt
 
s:t:
X
k
hjkt ¼ Hjt
where k is the land use choice set, Wjkt is the net return
function for the kth land use in quality class j at time t, hjkt
is the land area for the kth use in quality class j at time t, Hjt
is the total land area with quality j at time t, and Xkt
encompasses all the variables that affect the net return to
land use k at time t. The solution to the problem is the
optimal allocation hjkt; expressed as:
hjkt ¼ hjktðHjt; XtÞ
If the total land area for a county is HðtÞ ¼Pj HjðtÞ, the sum
of lands with different quality classes j, then the optimal
share of land use k for this county at time t, pk, is defined as:
pkðX; tÞ ¼
1
HðtÞ
X
j
hjktðHjt; XtÞ
Notably, while a parcel of land with a certain quality can be
allocated to different uses, the share of each land use dif-
fers across lands with different qualities or land charac-
teristics. What we are interested in here is not only how the
land is allocated to different uses at a given time, but also
how changes happen to each use over time.
Estimation Techniques
Following the theoretical model for land allocation, the
share of a land use can be defined as (Miller and Plantinga
1999):
ykit ¼ pkitðXitÞ þ ekit
where ykit and p
k
it are the observed and expected shares of
land use k in county i at time t, and ekit is the independently
and identically distributed error term. The sum of ykit or p
k
it
equals one when the range of k covers each land use in
county i at time t.
It should be pointed out that y and p are bounded
between zero and one, implying that it is not appropriate to
express y or p as a linear function of the explanatory
variables and thus to estimate it with a conventional
method, as doing so could generate a fitted value of y or p
that falls outside the unit interval. To avoid this problem, p
can be modeled as a logistic function:
EðykitjXitÞ ¼ pkit ¼
expðXitbkÞ
1 þ expðXitbkÞ
and then the observed land share y for use k is expressed as:
ykit ¼
expðXitbkÞ
1 þ expðXitbkÞ
þ ekit
where b is the coefficient vector. The above specification,
called the fractional logit model, ensures that predicted
values for y range between zero and one (Papke and
Woodridge 1996). It is assumed that e satisfies a logistic
distribution. Note that while bn gives the sign of the partial
effect of the nth explanatory variable on a land use, its
magnitude cannot represent the partial effect of that
explanatory variable on the dependent variable.
A popular approach to coefficient estimation is to
transform the above model so that the log-odds of the
dependent variable have a conditional expectation on the
linear form of explanatory variables: E(log[y/(1 -
y)]|X) = Xb, which is estimated by the OLS method. Such
a transformation has certain drawbacks, however. First, it
cannot be used directly if the dependent variable takes on
the boundary values of zero or one. Second, it is difficult to
interpret the coefficients because without further assump-
tions it is impossible to recover how y is expressed by
explanatory variables (Wooldridge 2002). To address these
issues, the model is fit with the quasi-Maximum Likelihood
Estimator (Wooldridge 2002). In principle, a fractional
logit equation needs to be established for each type of land
use k, and the sum of dependent variables equals one. To
ensure the identification of these equations, only k - 1
equations are estimated. Because the total land area is
classified into four primary categories in this study, a
system of three equations will be estimated. The effects of
explanatory variables on the fourth land use type equal one
minus the sum of the effects on the other three.
Data Description
The dataset, covering 31 counties over 5 time points (mid-
1970s, mid-1980s, late 1980s, mid-1990s, and late 1990s), is
used in the fractional logit model to identify the LUCC
Environmental Management (2010) 45:454–465 457
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drivers. It consists of two parts: the dependent variables (land
use shares derived from satellite images) and the explanatory
variables (biophysical and socioeconomic factors gathered
from multiple sources of existing statistics) (Xiang 2009). It
should be made clear that in China, counties are the basic
administrative units where national policies are executed
and socioeconomic statistics are gathered. Additionally, the
county-level administrative boundary maps are readily
available. As such, we feel that the most appropriate disag-
gregate observations should be made at the county level for
this study. Of course, this means that to make the land use
data (in pixels) compatible with the socioeconomic and other
statistics, the former need to be aggregated to the county
level based on the administrative boundary maps. Further,
due to the difficulty in acquiring the land use data (from
remotely sensed images) and the socioeconomic statistics
(from government sources) and then matching them con-
sistently, unfortunately, we could not include more sample
counties from Yunnan, Sichuan, or Tibet.
Land Use Data
The land use data were provided by the Chinese Academy of
Sciences (CAS, Liu and others 2003).4 Specifically, data for
the mid-1970s (hereafter, 1975 data) were derived from
1973 to 1977 Landsat Multi-Spectral Scanner images, data
for the late 1980s (1990 data) from 1988 and 1989 Thematic
Mapper (TM) images, data for the mid-1990s (1995 data)
from 1995 TM images, and data for the late 1990s (2000
data) from 1999–2000 TM and Enhanced Thematic Mapper
images. As a common practice, in case certain images were
missing or of poor quality, those from adjacent years were
used to obtain the information for a given time point. Due to
the unavailability of quality images for the mid-1980s, the
CAS scanned and digitalized a land cover map for 1985 to
generate the needed data.5 The classified land use/cover
data were re-sampled to form a raster-format dataset with a
resolution of 100 m, and then overlaid with a county
boundary map to generate the corresponding county-level
data. Field and lab tests showed that the overall user’s
accuracy rate is 88% for 1975, increasing to 92.9%, 98.4%,
and 97.5% for 1990, 1995, and 2000, respectively (Liu and
others 2003).
As shown in Table 1, forestland, grassland, and crop-
land are the major land use types in the Jinsha basin,
accounting for about 53%, 30%, and 11%, respectively, in
2000. Compared to the initial condition in 1975, areas of
cropland, forestland, and other land decreased in 2000,
while grassland area increased. Moreover, the fluctuating
trend and magnitude during the study period were different
for each land use. From 1975 to 2000, cropland area
declined by about 430 km2, even though it witnessed a
temporary increase in 1985 and 1995. Forestland area
increased from 74,874 km2 to 75,515 km2 during 1975–
1995, but by 2000 it dropped to a level even lower than that
of 1975. Grassland area increased by almost 700 km2 from
1975 to 1990 and 77 km2 from 1990 to 2000, and its
temporary decline came in 1985 and 1995.
It appears that for the whole study area, the share of each
primary land use category did not vary a great deal during
1975–2000. Considering its size, nonetheless, even a 1%
change was actually not of small magnitude. Moreover, if we
look at the spatiotemporal variations of land uses, they
suggest quite remarkable changes. Figure 2 shows that a
couple of counties experienced a cropland loss or gain of
over 30% and several others had a loss or gain within 10%
during 1975–2000. Likewise, Fig. 3 shows that some
counties saw a forestland loss or gain in the range of 5–10%
during the same period. Undoubtedly, these and other large
Table 1 Land use patterns in the study region from 1975 to 2000
Land use/cover (km2) 1975 1985 1990 1995 2000 Changes between 1975 and 2000
Cropland 16,037 16,146 15,617 15,634 15,607 -430
Forestland 74,874 75,308 74,990 75,515 74,665 -209
Grassland 42,428 41,178 43,109 42,250 43,882 1,455
Other 7,078 7,784 6,701 7,017 6,262 -816
Data came from the Institute of Geographic Science and Natural Resource Research, Chinese Academy of Science (Liu and others 2003)
Fig. 2 Cropland change for individual counties between 1975 and
2000 (%). Note: Information was derived from data provided the
Institute of Geographic Science and Natural Resource Research,
Chinese Academy of Science (Liu and others 2003). The county
names were excluded
4 Scholars interested in the dataset may contact the last author of this
article for access.
5 We acknowledge that while it may be necessary to generate the
needed observations based on a land cover map and the map has a
fairly high resolution, this can cause problems of accuracy and
consistency.
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spatiotemporal variations should provide a strong justifica-
tion for our effort to identify their determinants.
Explanatory Variables
We intend to use the procurement prices for grain, timber,
and livestock to approximate the economic benefits from
cropland, forestland, and grassland. However, these prices
were historically distorted. That is, the grain procurement
prices facing producers were controlled by the government,
and their effects on land use decisions might not be as evident
as expected because they were often depressed (Lin 1992). In
forestry, the timber harvest quota and its distribution were
regulated by the government, and the state-owned enterprises
and collective forest entities had little motivation for long-
term management (Yin and Newman 1997). It is thus rea-
sonable to assume that forestland changes were not greatly
affected by the slow and small price movements. Similarly,
modest livestock price changes might not have induced
substantial grassland shifts. Nevertheless, output prices may
have had significant cross effects; for instance, cropland use
can be affected by livestock price if a certain proportion of the
grain produced is used as feedstock. Since it was impossible
for us to obtain the original commodity prices, we decided to
use the relevant price indices in this study. Unfortunately,
there were no county-level price indices. As an alternative,
the provincial price indices were used.
Meanwhile, decisions on land use in China were and still
are influenced by government regulation and population
pressure (Zhang and others 2003). For cropland, farmers
sign contracts with local governments to manage the land,
and these contracts are valid for decades and seldom
adjusted in order to provide ‘‘stable’’ use rights. In principle,
cropland expansion on grassland or forestland is prohibited;
but in practice, such encroachment does happen due to the
necessity for increasing food production and the difficulty
in enforcing regulation (Xiang 2009). Because of insecure
use rights, however, reclaiming cropland could be induced
by temporary price changes, even if not necessarily by long-
term profitability.
Costs are not easily identifiable for food, timber, and
livestock production at the county level. As an alternative,
we adopted the approach used by Chomitz and Gray (1996)
who observe that the distance of a parcel of land from roads,
reflecting market access, affects both output and input costs
and thus land use patterns. Kaimowitz and Angelsen (1998)
and Nelson and Hellerstein (1997) also note that forest
clearing tends to decline with the distance from road. The
highway density in a county was thus used to capture the
transport cost and market access for that county; we expect
that compared to other land-use types, cropland is more
likely allocated where the highway is denser.
Industrial development was included as an explanatory
variable as well. This is because while industrial devel-
opment may take away some fertile cropland, it is more
likely to promote the transfer of surplus rural labor to off-
farm activities, which reduces pressure on natural resources
and helps environmental conservation (McCracken and
others 1999).6 Off-farm activities also push up the oppor-
tunity costs for rural labor, which constrains labor available
to extensive farming and improves farmers’ income and
abilities to adopt new technologies. As a result, enhanced
land productivity can better satisfy livelihood needs and
thereby reduce resource over-exploitation.
Population growth is widely used as a determinant of
land use changes (e.g., Mertens and others 2000), and its
main effect is to cause cropland encroachment on forestland
and grassland and related resource degradation (Yin and Li
2001). As such, we incorporated it, with the expectation that
higher population density will lead to more cropland at the
expense of forestland and/or grassland. Soil characteristics
influence land allocation by determining land suitability for
different land uses and productivity, but measuring soil
characteristics for a county is difficult due to large varia-
tions in the soil features. Instead, the average elevation of a
county was used to represent soil features as well as tem-
perature and other biophysical conditions that affect land
use. The rationale for using average elevation is discussed
in the next section.7
The food self-sufficiency policy and forest tenure
arrangement are two major political-institutional factors
that have affected land use patterns in the study region (Yin
and others 2003). The former, reflected in grain procure-
ment quota, encouraged cropland expansion on slopes
previously covered by forest or grassland (Xu and others
2006); it was thus taken into account based on the
hypothesis that a decreasing quota, as a sign of relaxing the
Fig. 3 Forestland change for individual counties between 1975 and
2000 (%). Note: Information was derived from data provided the
Institute of Geographic Science and Natural Resource Research,
Chinese Academy of Science (Liu and others 2003). The county
names were excluded
6 There can be alternative explanations to effects of such variables as
industrial development and off-farm employment. But our arguments
are made to reflect those fundamental ones in China’s context.
7 Elevation was not included in Table 2 because it is a time-constant
variable.
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policy, should benefit the restoration of vegetation covers.
The latter, if clearly defined and enforced, forms the basis
for forest management that is at least stable. In the study
area, around 30% of the forestland is owned by the state.
This forestland was seldom converted to other uses due to
its stable and clear tenure, although deforestation and forest
degradation occurred because of over-harvesting. In con-
trast, for sloping lands that belonged to the collectives or
those without clear ownership, forestland or grassland loss
to cropland often occurred (Xu and others 2006). Thus, the
share of state-owned forest was employed to proximate
forest tenure stability. It is not suggested, though, that state
ownership is superior or does not need reform.
Table 2 summarizes all the variables, some of which are
further detailed in the Appendix. Note that a variable’s
value at a given point of time is the average value from the
adjacent years whose range is the same as that of the land-
cover data. For instance, the land use/cover data in 1975 is
derived from the remote sensing images of 1973–1977;
correspondingly, data for each explanatory variable in 1975
is the mean value of 1973–1977. Also, note that while this
repeated cross-sectional dataset gives us a decent sample
size to explore the determinants of the regional LUCC, the
multi-year and uneven intervals between neighboring time
points make it hard to incorporate potential time lags or to
deal with autocorrelation effectively.
Empirical Results
Including all the explanatory variables, our empirical
model becomes:
Yit ¼ f

GPit;FPit;LPit;INPit;POPit;ROADit;GQit;SFit;Eit

þeit
where i denotes county and t denotes time. Y represents
cropland share, forestland share, or grassland share; GP is
the price index for grain, FP the price index for logs, LP
the price index for livestock; IND is the ratio of industry
output to gross agricultural output; POP denotes popula-
tion density, ROAD denotes the highway density, GQ
represents per capita grain quota, SF represents the share of
state-owned forests, and E denotes the elevation. With
province and year dummies being added to control varia-
tions across provinces and over time, the above model was
estimated with STATA.8 The endogeneity test indicated
that all explanatory variables could be taken as exogenous,
in the sense that the estimation residuals are not a function
of the independent variables for each equation. However,
the structure of our data is such that it did not permit us to
directly explore the related issues.
Table 3 lists the estimated results for the three share
equations. It should be made clear that the coefficients are
the corresponding elasticities calculated according to the
land use changes, but not b. This presentation can better
indicate the extent of driving forces’ impacts on each type
of land use. In general, the equations were well fit, and the
signs of many coefficients are as expected and statistically
significant. It can be seen that the coefficients of the pro-
vincial dummy are highly significant, indicating differences
in various land uses across geopolitical boundaries. These
differences may reflect the different policy settings as well
the distinct resource endowments. In comparison, the
coefficients of the year dummies are mostly insignificant,
suggesting a similar pattern of LUCC over time and an even
smaller difference when the time interval is shorter.
Two of the price coefficients are significant. First, grain
price has a negative effect on the change of forestland
share; a 1% increase of grain prices can reduce the for-
estland share by 0.37%, holding other variables constant.
This shows that farmers indeed seek short-term farming
profits from the increased grain prices by encroaching on
forestland. Second, the effect of livestock price on cropland
share is positive, albeit at the 10% significance level. A 1%
increase of livestock price can result in a 0.94% increase of
the cropland share when controlling other variables. Given
that some crops are grown for feeding domestic animals, it
is plausible that a higher livestock price drives more
feedstock production. The insignificance of most other
price variables partially proves our claim that the regional
LUCC might not be driven much by the distorted and
depressed price signals, especially for forestland and
grassland. On the other hand, the use of provincial indices
could have concealed the price variations across counties.
Industrial development reduces the pressures on resource
exploitation. The higher the industry output, the lower the
shares of cropland and grassland, and the higher the share of
forestland. While the magnitudes of these coefficients are
small (-0.05% for cropland, -0.11% for grassland, and
0.07% for forestland), their effects are actually pronounced
given the large gain of industry output value relative to
agricultural output value. And they confirm what we
expected—economic development affects LUCC by alter-
ing land economic returns and labor opportunity costs.
Consistent with another of our claims, highway density has
a significant effect on cropland use. Holding other variables
constant, a 1% increase of the highway density can result in
a 0.22% increase in the cropland share. Insignificant effects
of highway density on forestland and grassland uses imply
that given other conditions, forestland or grassland share in
8 Conventional fixed or random effects estimation methods are not
applicable because the dependent variable is limited within the range
of zero and one. Also, considering fixed effects would remove time-
constant variables, such as elevation, despite their influence on land
use distribution.
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a county is not closely connected to its highway availability.
Hence, road accessibility has a larger influence on cropland
use than other types of land use.
Demography significantly affects land use changes.
Counties with higher population densities observed higher
cropland share and lower forestland share. In other word,
Table 2 Summary of variables used for estimating the fractional logit model
Measurement 1975 1985 1990 1995 2000
Population 1,000 persons 6101 6815 7141 7592 7908
Population density Person/km2 0.66 0.73 0.78 0.82 0.86
Grain price indexa 1990 = 1 0.587 0.669 0.972 1.619 2.035
Log price indexa 1990 = 1 0.589 0.531 0.927 1.046 1.294
Livestock price indexa 1990 = 1 0.860 0.863 1.085 1.873 2.218
Industry output (IO)b 1,000 yuan 69,534 141,243 169,494 516,442 698,396
Agricultural output (AO)b 1,000 yuan 189,063 329,188 351,141 533,255 729,546
IO/AO % 32.0 40.3 44.3 76.8 76.2
Highway Kilometer (km) 6,132 9,836 11,592 14,173 28,059
Highway density km/kmb 0.09 0.14 0.16 0.21 0.31
Grain quota Tonn 170,423 141,292 111,231 115,691 107,481
Per capita grain quota kg/person 30 28 16 16 14
State forest share % 33.8 33.1 32.2 31.9 31.4
a Grain, log, and livestock price indices are provincial aggregates
b Agricultural and industry outputs are value aggregates at the 1990 constant prices
c Grain quota was from the local grain bureaus, and the state forest share was from the local forest bureaus. All other data came from the local
statistics bureaus
Table 3 Estimated elasticities of the fractional logit model for primary land use
Explanatory variables Cropland Forest Grassland Others
Grain price -0.519 (0.358) -0.367 (0.180)b 0.357 (0.342) -0.428
Log price 0.011 (0.101) -0.087 (0.058) 0.067 (0.089) -0.215
Livestock price 0.944 (0.565)a 0.192 (0.368) 0.087 (0.694) -4.251
Industry/agricultural output -0.047 (0.011)c 0.068 (0.027)b -0.114 (0.059)a 0.919
Highway density 0.215 (0.077)c 0.018 (0.054) 0.105 (0.140) -1.721
Population density 0.480 (0.028)c -0.335 (0.082)c 0.157 (0.134) -0.732
Per capita grain quota 0.037 (0.020)a -0.005 (0.011) -0.015 (0.034) 0.108
Share of state-owned forest -0.132 (0.085) 0.116 (0.072)a -0.133 (0.107) 1.023
Elevation -1.232 (0.128)c -0.633 (0.139)c 1.222 (0.335)c -6.509
Province dummy -0.162 (0.071)b 0.124 (0.039)c -0.157 (0.064)c
1975 dummy 0.205 (0.113)a -0.043 (0.071) 0.110 (0.142)
1985 dummy 0.162 (0.105) -0.039 (0.065) 0.097 (0.130)
1990 dummy 0.132 (0.081) -0.032 (0.052) 0.086 (0.104)
1995 dummy 0.068 (0.041) -0.014 (0.026) 0.040 (0.050)
Observations 122 122 122
Degree of freedom 107 107 107
Pearson’s chi square 1.053 5.222 6.221
Log likelihood -34.212 -54.903 -47.501
Results are presented in elasticity, instead of marginal effect, for ease of interpreting and understanding. Numbers in parentheses are standard
error of the coefficient; a, b and c represent 10%, 5%, and 1% significance levels, respectively. 122 observations were used due to some missing
values for the highway variable. Results for other lands were derived and thus presented without significance level. Province dummy = 1 if the
county is in Yunnan and 2000 was the base year for time dummies. When dependent variables take categorical values, the Pearson’s chi square
statistic is used for measuring a model’s goodness of fit. Based on it, we cannot reject the null hypothesis, meaning that the model fits well to the
data
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demographic concentration led to cropland expansion to
meet the growing food demand and imposed pressure on
forest resources. A 1% increase in population density
causes the cropland share to grow by 0.48%, while it
induces forestland to decline by 0.33%. The effect of
population density on grassland changes is insignificant.
Results from the three equations show that the share for
other lands declined with population density, which sug-
gests that farming encroaches on unused lands or even
bodies of water because of limited cropland resources.
Grain procurement quota has a significant effect on
cropland expansion. A 1% increase of per capita grain
quota could induce a 0.04% increase of the cropland share.
The relevance of this coefficient, albeit small in value,
should not be overlooked in view of the tremendous
decline in grain procurement quota. Meanwhile, no sig-
nificant effects of grain quota on forestland and grassland
changes were found. It can therefore be inferred that
eliminating grain quotas will reduce not only burdens on
farmers, but also cropland expansion at the expense of
forestland or grassland. Tenure indeed has a significant
influence on forest resource status. The share of forestland
increases by 0.12% when the state-ownership is 1% higher,
holding other variables constant. Additionally, the share of
other land goes up with the increase of state-owned for-
estland. Finally, the estimation also proves that land use
allocation varies significantly with altitude. The cropland
and forestland shares decrease with altitude, but more
grassland is found in the higher elevations, in line with our
intuition. To be thorough in elucidating the effects of the
related natural variables, slope and range were considered
as well. But their coefficients were insignificant and thus
removed. Our conjecture is that the effect of elevation
overwhelms that of slope or range in the study region.
Conclusions and Discussion
In this article, we set out to investigate empirically the driving
forces of LUCC in the upper Yangtze basin by developing
and estimating a fractional logit model, using data for 31
counties over a period of 25 years (1975–2000). The study
was motivated by our observation that while land use deci-
sions have important impacts on ecosystem sustainability and
regional climate change, the factors influencing them in
particular regions have not been well scrutinized. Modeling
the drivers of LUCC properly can make a timely and valuable
contribution to the land change science.
In validating what we postulated at the beginning of this
article, our empirical analysis reveals that rural population
growth puts pressure on land resources and contributes to
deforestation and grassland degradation, whereas industrial
development has an effect on reducing cropland expansion
and conserving forest resources. Also, land use decisions
were made to capture immediate profits in the past, but they
were not significantly influenced by the long-term price
signals, which were often distorted and depressed. In addi-
tion, institutional and policy factors played critical roles in
shaping land use patterns; lowering grain quota levied on
farmers reduced cropland expansion, and stable forest tenure
led to the maintenance of a higher forestland share.
These and other findings have confirmed most of our
hypotheses and carry significant policy implications. First,
consistent with findings from elsewhere (Chomitz and others
2006), off-farm opportunities not only increase farmers’
income, but also lure them out of rural areas and thus reduce
their disturbance to land covers. With increasing population,
development of non-farming sectors has become an important
way to alleviate poverty as well as to protect natural resources.
Local governments may thus provide job services to facilitate
farmers’ pursuit of off-farm activities. Second, market
mechanisms should be promoted in allocating land resources.
The fact that prices did not significantly influence certain land
use decisions in the past is partially because they were not real
market signals but heavily controlled by the government, and
such distorted and depressed prices could not adequately
guide long-term land use decisions (Yin and others 2003). For
instance, the growth rate of log procurement prices was very
low, and they did not reflect higher market demand for forest
products and discouraged reforestation and forest manage-
ment. Reforestation and afforestation would improve if forest
managers faced higher and more transparent log prices and
thus could expect to get reasonable returns in the long run.
The food self-sufficiency policy, a feature of the old
planned economy, was not conducive to efficient and sus-
tainable land use because the grain procurement quota dis-
rupted the trade flows of agricultural products across the
nation and caused more land and other inputs to be used in
crop production (Lin 1992). It is not necessary to meet food
demand with local production for a region that, like our study
site, possesses poor farming conditions and limited cropland.
With abundant grassland and forestland, farmers should
have specialized in livestock and forest industries and
established their comparative advantage in the marketplace.
Moreover, clearly defined tenure arrangement encourages
long-term planning and protection of forest resources
(Chomitz and others 2006). State ownership represents a
stable forest tenure, which has reduced the possibility of
forest conversion. However, unclear beneficiaries of col-
lective forests and distorted market prices discouraged
farmers from forest investment and management, and con-
sequently the collective forests were more likely to be
degraded and even converted to other uses. These results
imply that it is essential to implement tenure reforms for the
collective forests, including the clarification of use and
benefit rights, the creation of a well-functioning monitoring
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and enforcement system, and the dissemination of trans-
parent and fair market information to the local forest man-
agers (Yin and others 2003). In doing so, it is expected that
forest conversion to other uses will slow down or even
reverse, forest investment will increase, and sustainable
forest management will follow.
Additionally, while the fractional logit model has helped
explain the driving forces of the regional LUCC, more work
needs to be done to enhance our understanding of the com-
plicated land use processes. The logit form of the share func-
tions is ad hoc to some extent. It does not treat relevant
variables as endogenous or account for feedback effects, and
thus is insufficient to illuminate the dynamic interactions
among different variables. Therefore, future study should
develop more sophisticated structural models that incorporate
the interactive processes and environmental consequences into
the analysis of the LUCC driving forces (Turner and others
2007). Such efforts will shed new light on the fundamental
question of how the land use changes have happened and help
generate more reliable projections on the future LUCC.
Furthermore, the effect of technological progress on
LUCC should be considered. Technological progress is a
critical solution to sustaining the livelihoods of an
expanding population on a limited land base (Mu¨ller and
Zeller 2002), but is itself determined by socioeconomic
changes and resource endowment (Ruttan 2001). Thus,
incorporating endogenous technological progress into the
analytic framework will be a major research step in exam-
ining the LUCC driving forces more effectively, which can
lend great insight to the quest for sustainable development.
The above tasks will be accomplished only if more
comprehensive datasets, particularly longitudinal datasets
with long time series and spatially explicit observations,
can be built. In light of these considerations, the dataset
used in this study can and should be improved by covering
a longer period of time with more frequent observations
and by including adequate information regarding techno-
logical, institutional, and environmental changes.
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Appendix
Definition and Variation of Some Key Variables
Land use is categorized as cropland, forestland, grassland,
and other lands. Forestland, grassland, and cropland are
major land-use types for the study region. In 2000, these
three land-use types respectively accounted for 53%, 30%,
and 11% of the total land base. All other lands accounted
for about 5% of the total land base (Table 1). Compared to
1975, areas of cropland, forest, and other lands decreased
by 2000, while grassland increased. Notably, for each of
the four periods, the percentage change of each land use
was not large. Because the study area covers 14 million
hectares, a change even as small as 1% was actually not of
small magnitude. On the other hand, the original image
processing at the national scale might have obscured the
county-level LUCC. Moreover, opposite land conversions
(e.g., from cropland to forest and vice versa) always take
place, leading to the lack of relative variation for each land
use over time.
The land conversion information is insightful for under-
standing the dynamic LUCC process. The extent of cropland
conversion to forestland, grassland, and other lands was
larger before 1990. Between 1975 and 1990, about 10% of
cropland was converted out, whereas from 1990 to 2000 only
4% of cropland was converted out. Similarly, grassland
conversion to cropland, forestland, and other lands was at a
larger scale before 1990. Except for the period of 1975–1985
when a majority of grassland was converted to other lands,
most of the grassland was converted to forestland. Mean-
while, grassland was also the major outlet of forest conver-
sion. In contrast, conversion between grassland and
forestland for each period made the total area for forestland
and grassland look stable, which indicates the necessity to
examine the causes of the changes for different land uses at a
finer scale, such as the county level.
Prices used are the provincial indices, meaning that at
each time point the value of each price is the same for all
counties of the province. All prices increased continuously
from 1975 to 2000. Grain and livestock prices rose at an
annual rate of over 12% in the early 1990s, while the late
1980s witnessed the fastest log price increase. Increases in
livestock price over time partially explains why livestock
husbandry was preferred as a means of improving rural
income. Log procurement price was more stagnant com-
pared to the other two. This partially explains why the
farmers had little incentive for long-run forest investment
and management, and instead cut more when the price
went up or when they had access to the forest to capture
immediate profits.
Highway mileage in a county is used to represent road
length. China’s statistics provide a standard definition of
highway, so there is no ambiguity or discrepancy for data
of highway length across counties. Highway density, the
ratio of highway length to county area, is the variable used
in this analysis to remove the effect of county size.
Industrial development is defined as the ratio of industry
output to gross agricultural output. Despite the dominance
of the agricultural sector in the regional economy, its share
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declined. In 1975, the ratio of industry output to the agri-
cultural output was 0.3, and it increased to 0.4 in 1990 and
further to 0.76 in 2000. Compared to that of 1975, industry
output in 1990 more than doubled, and in 2000 increased
by nine times. This is because the annual growth rate of
industry output was much higher than that of agriculture.
Population density, total population divided by county
area, was used in our modeling. Total population increased
continually over time, but at a declining rate. The annual
population growth rate was 1.3% between 1975 and 1985,
and then decreased to 0.83% in the late 1990s. Accord-
ingly, the population density also rose over time at a
declining rate.
Grain procurement quota includes a portion for paying
for agricultural tax and another portion mandated to be sold
to the state procurement bureau at lower prices. Grain
procurement quota declined gradually, and in 2000 it
decreased to 60% of the 1975 level. Grain quota per rural
resident also decreased dramatically, from 30 kilograms
(kg) in 1975 to around 14 kg in 2000. The decrease of grain
quota over time implies that the food self-sufficiency
requirement gradually became outdated as the agricultural
produce market became more developed. In 2003, China
terminated the quota-based agricultural tax nationwide.
Share of state-owned forests in Sichuan is around 50%,
while it is 20% in Yunnan province. The share of state-
owned forest decreased slightly over time in both prov-
inces, and there were two reasons for this. First, disputes
about land ownership were gradually resolved between
local government and communities, with the latter having
taken up some forests from the former. Second, afforesta-
tion and conversion of sloping cropland to forests increased
the total as well as collective forestland gradually, and thus
the percentage of the state forest declined.
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